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ABSTRACT 
Fast periodic potentials applied to polycrystalhne rhodium electrodes in acid and base electrolytes 
can cause, under certain conditions, the growth of hydrous oxide layers which after their electroreduction 
yield reproducible electrode surfaces with a large increase in the active surface area. These processes were 
investigated at 30’ C by changing systematically the parameters of the perturbing potential including 
potentiostatic steps. The most suitable conditions for growing oxide layers capable of producing an 
increase in the rhodium electrode active surface area after their electroreduction correspond to a square 
wave perturbing potential at 1.8 kHz and a potential window between -0.025 and 2.0 V (vs. RHE). The 
processes related to the formation of anodic oxide layers under different experimental conditions are 
discussed. 
INTRODUCTION 
Fast periodic potentials in the 0.1-10 kHz frequency range are able to promote 
important modifications at noble metal electrode surfaces [l]. Depending on how 
the periodic potential is applied to the electrode, two relevant limiting situations can 
be accomplished. The first concerns the electrochemical faceting of the electrode 
surface and the development of a preferred crystallographic orientation implying a 
negligible increase in the electrode active area [2,3], which, for the case of rhodium, 
was extensively dealt with in a previous publication [4]. The second comprises 
significant changes in the active electrode area provoked through the electroforma- 
tion of a thick oxide layer by means of fast periodic potentials and further single 
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sweep electroreduction [5,6]. This treatment produces no appreciable development 
of preferred crystallographic orientations. The intriguing property of the increase in 
active surface area is that for an apparent roughness factor of about 103, the 
resulting electrode surface, as has been observed for platinum, offers particular 
features such as the absence of an anomalous voltammetric response [7], in contrast 
with large real area noble metal electrodes produced by conventional metal elec- 
trodepositing [8]. Therefore, the management of these two limiting situations for 
solid electrodes is exceptionally interesting as a rational approach for developing 
noble metal electrocatalysts [9]. The enhancement of oxide growth at a rhodium 
surface was studied in a base solution under potential cycling conditions, without 
considering the corresponding electroreduction process [lo]. 
The present paper deals with the increase in the active surface area of rhodium 
electrodes produced through the electroreduction of a surface oxide layer formed 
under fast periodic potentials. In this respect, the importance of rhodium electro- 
catalysts is well recognized as it arises from the promising results obtained by the 
application of these electrodes either plain or as alloys in many electrochemical 
reactions [ll-151. 
EXPERIMENTAL 
Runs were made in a three-electrode compartment Pyrex glass cell. Polycrystal- 
line (PC) rhodium wires (Johnson Matthey Chem. Co.) of 0.07-0.7 cm2 geometric 
area previously polished mechanically with alumina 5 pm grit were used as the 
working electrodes. The potential of the working electrode was measured against a 
RHE in the same electrolyte solution. A large area rhodium counter-electrode was 
used. The counter-electrode compartment was connected directly to the rest of the 
cell to minimize the ohmic drop between the electrodes. Runs were made in 
different electrolytes (1 M H,SO,, 1 M HClO, and 1 M NaOH) at 30°C. 
Solutions were prepared with triply distilled water free of organic impurities. 
The following types of experiments were carried out: 
(1) Conventional voltammograms at a low potential sweep rate (0.04 V/s < u Q 
0.20 V/s) for both starting pc rhodium electrodes and those resulting after the 
application of fast periodic potentials as indicated in (2). From the comparison of 
the corresponding voltammetric responses the modifications in the electrode surface 
characteristics can be followed. 
(2) Application of fast periodic potentials during time t comprising either 
symmetric repetitive triangular potential sweeps (RTPS) between lower ( Es,c = 0 V) 
and upper (1.5 V 6 Es,a G 3.0 V) switching potentials or symmetric repetitive square 
wave potential signals (RSWPS), from a lower potential value (- 0.2 V < E, < 0.3 
V) up to an upper potential value (1.5 V ( E, < 3.0 V) to grow an anodic oxide 
layer on the electrode. The frequency (f) of the periodic potential signal was varied 
between 0.016 and 6 kHz. 
(3) Measurements of the electroreduction charges corresponding to the anodic 
oxide layers formed during the RSWPS treatment were made through integration of 
the corresponding potentiostatic current transients. 
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(4) Combination of linear potential sweeps and potential steps to obtain ad- 
ditional information about the anodic oxide layer produced under constant poten- 
tial steps higher than 1.5 V. 
Most of the experiments were done in 1 M H,SO,, and occasionally in 1 M 
HClO, and 1 it4 NaOH to establish the influence of the electrolyte composition on 
the electrochemical characteristics of the anodic oxide layer grown under controlled 
potential conditions. 
RESULTS 
Voftammetric changes of rh5d~~m electrodes produced by RTPS 
The voltammetric response at 0.04 V/s of pc rhodium in 1 M H,S04 at 30°C in 
the O-l.25 V range (Fig. la) exhibits the complex electroadsorption/electrodesorp- 
tion spectra of H-adatoms in the O-0.30 V range, the wide current peak related to 
the electroformation of O-containing surface species in the 0.50-1.25 V range and 
the wide electroreduction current peak for the O-containing surface species extend- 
ing from 0.90 to ca. 0.20 V. This voltammogram coincides with those described 
more extensively in the literature [16--181 and is presented for the sake of compari- 
son. 
A pc rhodium electrode which has been subjected to RTPS in the l~-l~ V/s 
range exhibits a voltammogram in 1 it4 H,SO,, at 0.04 V/s, which differs from that 
of the blank in two respects: namely, the voltammetric charge and the sharpness 
and definition of the H-adatom peaks. These changes are very sensitive to the 
selected values of Es,C, Esza and u. Thus, the stabilized voltammogram at 0.04 V/s 
of pc rhodium after applymg a RTPS at 800 V/s (f = 0.25 kHz) between Es,C = 0 V 
and Es,a = 1.60 V for 30 s (Fig. lb) shows a substantial increase in the voltammetric 
charge related to the H-adatom monolayer [16], i.e. from 320 to 500 PC/cm’ 
geometric area, and an increase in the sharpness of the H-adatom peaks. 
The stabilized voltammogram at 0.04 V/s is accomplished after the fourth cycle, 
and in this respect it is illustrative to observe the changes in voltammetric response 
over the first few cycles (Fig. lc). The first potential scan run from Esa to lower 
potentials shows a small cathodic current peak at ca. 1.25 V, a cathodic current 
minimum at ca. 0.85 V, and a remarkable and continuous cathodic cm-rent increase 
in the H-adatom electroadsorption potential range. The latter contribution is mostly 
associated with the electroreduction of the oxide layer formed during the applica- 
tion of fast RTPS treatment. It is also clear that the complete electroreduction of the 
oxide layer requires another few potential scans to attain the corresponding stabi- 
lized voltammogram (Fig. lb). These voltammetric changes become more remarka- 
ble on increasing the duration of the fast RTPS treatment. 
Siiar experiments carried out at the same Es,C, u and t, but by setting values of 
E,,& between 1.5 and 3.0 V, show that after electroreduction of the oxide layer a 
progressive increase in voltammetric charge takes place only up to E,, values of 




Fig. 1. Voltammograms for Rh (geometric area 0.7 cm’) in 1 M H,SO,. u = 0.04 V/s; 30 o C. (a) Blank. 
(b) Stabilized voltammogram (fourth scan) resulting after the RTPS treatment; E,, = 0 V; Es,, = 1.60 V, 
f = 0.25 kHz; l= 30 s. (c) Transition from the fist negative potential scan to the stabilized voltammo- 
gram (fourth scan) after the RTPS treatment. The charge of the fist negative potential scan is 
predominantly related to the electroreduction of the oxide layer formed during the RTPS treatment. 
ble for the electroreduction behaviour of the anodic oxide layer produced by the fast 
RTPS. 
Runs made at constant Es,+, Es+ and t show that the maximum change in the 
active electrode area resulting from the oxide layer electroreduction is accomplished 
for u ranging from 100 to 1000 V/s. For values of u > 1000 V/s, the predominant 
effect is the increase in sharpness of the H-adatom current peaks. This effect is to 
some extent similar to that recently observed for the electrochemical faceting of pc 
rhodium in acids [4]. 
From these experiments one concludes that there is an optimal range of parame- 
ters defining the fast periodic potential to promote the growth of the oxide layer 
which, through its electroreduction, yields the increase in the active surface area of 
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the rhodium electrode. These results furnish the basic conditions for attempting the 
application of other fast periodic potentials, such as RSWPS, to grow the anodic 
oxide layer. In this respect, it is worthwhile mentioning that from previous results 
obtained for platinum in acid [3] it was concluded that the actual shape of the fast 
periodic potential perturbation plays only a secondary role as compared to frequency 
and potential limits in promoting changes in the electrode surface characteristics. 
The increase in active surface area through application of symmetric RSWPS 
Application of a symmetric RSWPS to pc rhodium in 1 M H,SO, for preset E,, 
E, and f values promotes the growth of an oxide layer whose electroreduction 
charge greatly exceeds that expected for the O-monolayer. Potentiostatic electrore- 
duction of the oxide layer yields an electroreduced rhodium surface which offers 
electrochemical characteristics slightly different from that of the blank and a 
remarkable increase in the surface area, as revealed from the increase in the 
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Fig. 2. Voltammograms for Rh (geometric area 0.07 cm2) in 1 M H2S04. o = 0.1 V/s; 30 o C. (a) Blank. 
(b) Stabilized voltammogram after the RSWPS treatment; E, = 0 V; E, = 2.1 V; f = 2.5 kHz; t = 20 s. 
(c) Cathodic transient response resulting for a potential jump from 2.1 to 0 V. The integral charge is 
associated with the oxide layer electroreduction, without correction for residual oxygen electroreduction 
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Fig. 3. Dependence of R on El. E, = 2.0 V; f = 2.5 kHz; t = 20 s; 1 A4 H,S04; 30 *C. 
Fig. 4. Dependence of R on E,,. E, = 0 V, f = 2.5 kHz; t = 20 s; 1 M H,SO,; 30’ C. 
The relative increase in surface area (R) can be defined as the quotient between 
the voltammetric charge related to the electroreduction of the surface oxide 
monolayer co~espon~g to treated rhodium (Q,) to that of the blank (Q,), read at 
a constant u. For the symmetric RSWPS, the value of R depends on I?,, Et, f and 
t. At constant E,, f and t, there is an optimal value of E, which lies close to 
-0.025 V (Fig. 3), the corresponding dependence exhibiting a nearly bell-shape 
relationship. At constant E,, f and t, the dependence of R on E, shows a relatively 
abrupt increase at E, = ca. 1.9 V, reaching a maximum value for E, = 2.0 V and 
decreasing to one for E, > 2.4 V (Fig. 4). The dependence of R on f (Fig. 5) shows 
R 
Fig. 5. Dependence of R on f. E, = 0 V: E, = 2.0 V; t = 20 s; 1 M H,SO,; 30 o C. 
Fig.6.Dependenceof R on t. &=OV, Eu=2.0V, f=2.5 kHz; 1 M H2S04; 30°C. 
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Fig. 7. Relationship between Q, and R. E, = 0 V; E, = 2.0 V, f = 2.5 kHz; 1 M H2S04; 30°C. The 
value of Q, extrapolated for R = 1 coincides with that of an O-monolayer for an electrode with an initial 
roughness factor of ca. 1.6. 
a threshold value for f at ca. 0.5 kHz, then as f increases, R increases up to a 
maximum for f = 1.8 kHz. Finally, R decreases slowly and continuously as f is set 
beyond 1.8 kHz. For the symmetric RSWPS, the optimal increase in R is obtained 
for the following set of parameters: E, = - 0.025 V, E, = 2.0 V and f = 1.8 kHz. At 
constant E,, E, and f, R increases with t to reach a maximum value close to 8 at 
about 70 s (Fig. 6). 
Potentiostatic electroreduction of the oxide layer formed through fast RS WPS 
The electroreduction profile of the oxide layer formed under fast RSWPS is 
characterized by a continuous current decrease, the entire process occurring in less 
than 300 s (Fig. 2~). The charge (Q,) associated with the oxide layer produced under 
the optimal RSWPS conditions can be evaluated directly by integrating the corre- 
sponding potentiostatic electroreduction current transients. As would be expected, 
R is directly proportional to Q, (Fig. 7). 
Potentiostatic growth of anodic oxide layers 
In order to compare the increase in surface area obtained through the fast 
periodic potential treatment with the increase resulting from the electroreduction of 
anodic oxide layers formed under potentiostatic conditions, rhodium oxide layers 
were also obtained by holding the electrode potential at a constant value, ET, in the 
range 1.5 V d E, < 2.5 V for time values, 7, from 30 s up to 30 min. 
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Fig. 8. Single negative scans at 0.2 V/s in 1 M H,S04 at 30°C starting after holding the electrode 
(geometric area 0.12 cm’) at ET = 1.5 V (a) and 1.7 V (b) for different times in the OS-30 min range. The 
following voltammograms run between 0.03 and 1.2 V at 0.2 V/s coincide with the blank. The 
potential/time perturbation programme is included in the figure. 
For E, < 1.5 V in 1 M H,SO,, the el~troreduction potential scan exhibits a 
current peak in the 0.1-0.4 V range. Furthermore, there is an increase in the 
electroreduction charge according to T, up to an apparent limiting value which is 
about twice the charge of the electroreduction peak at ca. 0.475 V in the voltammo- 
gram at 0.2 V/s covering from 1.2 V down to 0.03 V (Fig. 8a). It should be noted 
that as T increases, the potential range for electroreducing the layer is shifted 
towards more negative potentials and ~~t~~usly, the corresponding charge is 
increased. In this case, after the complete electroreduction of the anodic oxide layer, 
the corresponding stabilized voltammogram coincides with that of the blank; that is, 
no appreciable increase in active surface area is noticed. It should be emphasized 
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Fig. 9. Voltammetric results similar to those described in Fig. 8 run in 1 M NaOH at 30 o C. E, = 1.6 V. 
that the electroreduction characteristics of this oxide layer differ from those result- 
ing from the fast periodic perturbation treatment. 
On subsequent increase of E, from 1.6 V up to 2.5 V, the overall electroreduction 
charge increases according to E, and 7, and the electroreduction scan begins to 
exhibit a wide peak at ca. 1.025 V extending from nearly 1.4 V down to 0.8 V (Fig. 
8b) followed by another one in the 0.1-0.4 V range which is apparently similar to 
that shown in Fig. 8a. For constant r, the corresponding peak potential becomes 
more negative as the value of E, is set more positive. Therefore, for 1.6 V G E, c 2.5 
V it appears that at least two different types of oxide are formed, namely, one 
related to the peak at ca. 1.025 V and the other associated with the peak at ca. 
0.2-0.3 V. Similar results are obtained in 1 A4 HClO,, although in this case the 
voltammogram involves relatively broader peaks than those in 1 A4 H,SO,. 
On the other hand, runs made in 1 A4 NaOH are qualitatively comparable to 
those made in acids (Fig. 9). In a base solution, however, for 1.5 V Q E, 6 1.6 V, the 
elcctroreduction profile exhibits a clear double peak in the 0.8-1.4 V range, their 
relative contributions depending also on E, and r. Furthermore, for T < 5 min, the 
electroreduction of the anodic layer is also associated with the contribution of two 
peaks in the 0.1-0.4 V range, but for 7 > 5 min, only a single electroreduction peak 
is recorded. These results also indicate that various types of oxide are formed at E, 
in a base electrolyte although these oxides cannot be compared straightforwardly to 
those already described for acids. It should be noted that in 1 A4 NaOH for E, > 1.6 
V, only single electroreduction peaks in the 0.1-0.4 V and 0.8-1.4 V ranges are 
observed for potentiostatically formed anodic layers. 
Otherwise, either in acid or in base, for any E, value, once the electroreduction 
of potentiostatically formed oxide layers has been completed, the voltammetric 
charge at 0.2 V/s differs by only a few per cent from the initial one. Therefore, 
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these results confirm that the oxide layers grown under potentiostatic conditions are 
not able to produce an increase in the electrode surface area through their electrore- 
duction. The voltammetric behaviour of these oxide layers resembles the behaviour 
of those produced in an acid under high potential step conditions [16,19], as well as 
the behaviour of those resulting through either potentiodynamic or potentiostatic 
ageing techniques [17,18]_ 
DISCUSSION 
Some general remarks about the growth of rhodium oxide layers 
The macroscopic growth of anodic oxide layers on pc rhodium which are 
adequate for fumishing an increase in the active electrode area after their electrore- 
duction requires the application of a periodic perturbing potential between preset 
upper (E, or Es, < 2.3 V) and lower (E, or Es,C = 0 V) potential limits at a 
frequency exceeding a certain threshold value. On the other hand, when the 
formation of the oxide layer is accomp~sh~ by applying either a periodic potential 
with E, or E_+ > 2.3 V, or a constant potential step in the 1.5-2.5 V range, the 
thickness of the oxide layer involves only a few monolayers. Therefore, these layers 
produce no appreciable increase in the electrode surface roughness after their 
electroreduction. 
For a better understanding of the matter, each situation is considered separately 
in the following sections. 
Electrochemical treatment yielding a net increase in the active electrode area 
(i} The formation of the anodic oxide layer 
The most significant increases in the active surface area of rhodium electrodes 
were obtained from el~troreduction of oxide layers formed by application of the 
RSWPS technique under the following conditions: 1.9 V d E, 4 2.3 V; -0.1 
V G E, G 0.1 V, 0.5 kHz Q f < 6 kHz. These figures, in principle, indicate that the 
average potential during the application of the fast periodic potential is more 
positive than the equilibrium potentials of those redox reactions involving different 
rhodium species such as Rh(s), Rh+(aq), Rh2+(aq), Rh’+(aq), Rh,O, Rho, Rh,Oa 
and Rho, [20]. Under the above-mentioned RSWPS conditions, one would expect a 
net balance favouring the elec~~~dation of rhodium and the a~umulation of a 
rhodium oxide layer. 
According to previously reported data [17,18], the electrooxidation process is 
initiated through the formation of electroadsorbed OH species as indicated by the 
reaction 
Rh f H,O = Rh(OH)& + Hc + e- 0) 
Reaction (1) corresponds to the reversible underpotential decomposition of water on 
rhodium occurring in acids at potentials as low as 0.5 V [16,17]. It is also known 
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that during potential cycling of noble metal electrodes in an acid, there is a 
measurable participation of the electrodissolution reaction [16,21]. This means that 
part of the Rh(OH).d can be oxidized further as follows: 
Rh(OH),d + H+ --, Rh3+(aq) + H,O + 2 e- (2) 
According to reactions (1) and (2), the positive half-cycle produces two species at 
the reaction interface. Likewise, the duration of the positive half-cycle must be 
shorter than 1 ms in order to effect growth of the oxide layer. This time is close to 
or slightly smaller than the half-life time of the Rh(OH)., species [17,18], so that 
any reaction of the latter implying a further irreversible deprotonation and simulta- 
neous formation of more stable surface oxide species, such as ageing processes 
[17,18], can be neglected. As it occurs with other metals [5,6,22,23], it is likely that 
the growth of the anodic oxide layer under fast periodic potentials involves only 
hydrous forms of rhodium hydroxide. In this respect, from a comparison of the 
binding energies of the electrons at the 01s level for rhodium-oxygen and 
platinum-oxygen compounds [24] and those species formed on rhodium and 
platinum after anodic polarization, derived from X-ray electron and Auger spec- 
troscopy [25], it was concluded that the anodically formed layers on rhodium as well 
as those on platinum are hydrous layers and that the degree of water content 
increases with approach to the surface [25]. Furthermore, on the basis of the 
structure of Rh(III) anodic layers formed on rhodium in acids derived from XPS 
studies [26], the formation of the anodic oxide layer under RSWPS in the 1.9 
V Q E, ( 2.3 V range can be interpreted in terms of a series of reactions yielding 
different hydrous Rh(OH), species starting with x = 1, and finally forming a 
hydrous Rh(II1) hydroxide species. Hence, the reaction sequence can be written 
formally as follows: 
Rh + H,O = Rh(OH),d + H+ + e- 
I (3a) 
&Rh(OH), + H+ + e- 
2 
I 
+RhfOH), + H+ + e- 




According to the reaction sequence (3a)-(3d), the electroreduction half-cycle during 
the RSWPS should involve mainly reaction (3a) in the reverse direction and a 
partial contribution of reactions (3b)-(3d) through a reversible displacement of Ht 
ions and H,O molecules. In addition, it should be mentioned that Rh(II1) oxides 
can also be produced during the electroreduction half-cycle at potentials lower than 
0.4 V due to the partial contribution of a local alkalinization effect related to 
H-adatom formation in the presence of soluble Rh(II1) species inserted in the oxide 
layer. The corresponding global reaction can be written formally as follows: 
Rh3+ + 3 H,O + 3 e- + Rh(OH)3 -t 3 (H)ad (4) 
This type of reaction is very welI known for a large number of metals [10,23]. 
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Furthermore, minor quantities of oxygen produced at E, z 2 V can also contribute, 
during the negative half-cycle and in the presence of soluble Rh(II1) species at the 
interface, to the oxide layer growth through an overall reaction such as 
4Rh3++30,+6H,0+2e-+4Rh(OH)3 (9 
Therefore, the fast periodic potential treatment, either RSWPS or RTPS, under the 
suitable conditions already mentioned yields a rhodium electrode covered with a 
relatively thick hydrous Rh(II1) oxide layer. 
(ii) The large active surface area rhodium resulting from the oxide layer electroreduc- 
tion 
The hydrous oxide layer formed as described in the previous section can be 
electroreduced to metallic rhodium in the H-adatom electroadsorption potential 
range, yielding a large increase in the active surface area. The formal stoichiometric 
reaction for the electroreduction process can be written as 
RhOOH.nHzO+3H++3e-=Rh*+(n+2)H,O (6) 
where Rh* denotes the electroreduced rhodium layer. The voltammetric response of 
the resulting surface shows an increase in the sharpness and symmetry of the 
H-electrosorption peaks approaching that resulting for (Ill)-faceted rhodium 
electrodes in the same electrolyte [4]. Furthermore, similarly to large surface area 
electroreduced platinum and gold [5-71, the new electrode surface exhibits no 
diffusion relaxation and ohmic contribution loss for electrochemical reactions under 
conventional voltammetric conditions. The structure of these surfaces, as has 
recently been elucidated from scanning electron tunnelling microscopy [27,28], 
consists of an overlayer of sphere-like adhering metal clusters of about 10 nm 
average radius, with inner channels of about the same size and extending in depth. 
The anodic oxide layer formation under either fast periodic potentials for E, > 2.3 V or 
potentiostatic conditions 
The electrochemical treatment with a fast periodic potential for E, > 2.3 V yields 
an anodic oxide layer which after electroreduction is poorly effective in yielding an 
active surface area increase. The phenomenon is presumably related to a loss of 
water from the hydrous oxide layer favoured through the oxygen evolution reaction 
(OER) [22,23], the rate of the latter increasing exponentially with the applied 
potential. This reaction can be written formally as follows: 
RhO0H.n H,O+RhOOH.(n-2) H,O+0,+4H++4 e- (7a) 
or alternatively: 
2 [RhOOH. n H,O] +RhZ03.n’H,0+n” H,O+0,+4H++4 e- (7b) 
where (n - 2) = n’ + n”. 
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In addition, it should be noted that the equilibrium potential for the reaction 
Rh,O,+H,O=2RhO,+2H++2e- (8) 
is 1.73 V [20]. These reactions would imply a final stabilization of the rhodium oxide 
layer either as Rh(II1) or Rh(IV) species. Rh(II1) and Rh(IV) oxide species have 
actually been identified and isolated as bulk oxides [20], although at present there is 
no clear evidence for Rh(IV) species at the electrochemical interphase [26]. Hence, 
reactions (7a) or (7b) and (8) must hinder the possibility of attaining the hydrous 
structure required for the increase in active surface area. A similar explanation can 
be applied to the rhodium oxide layers formed under conventional potentiostatic 
conditions where ageing effects act in the same direction as the OER in forming 
stabilized oxide species. 
CONCLUSIONS 
The active surface area of rhodium electrodes can be increased in a reproducible 
and controllable way through electroreduction of a relatively thick hydrous oxide 
layer produced by fast periodic potentials of suitable characteristics, in a manner 
which is qualitatively comparable to that already described for gold and platinum in 
acid solutions. The resulting surfaces are very stable, even to different electrooxida- 
tion/electroreduction cycles, and exhibit voltammograms in the H- and 0-adatom 
potential range without distortion for potential sweep rates as high as 1 V/s. 
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